Abstract Aims/hypothesis: Type 2 diabetes is associated with a two-to seven-fold increase in cardiovascular morbidity and mortality. The aim of this study was to determine the relationships between intima-media thickness (IMT), an established marker of atherosclerosis, large artery function and other determinants of cardiovascular risk in type 2 diabetic patients. Methods: We studied 228 type 2 diabetic patients (75 women, aged 62±2 years [mean± SEM]). Carotid IMT was bilaterally measured using ultrasound technology. Applanation tonometry and pulse wave analysis were used to measure aortic systolic and diastolic blood pressures, central pressure augmentation (AG) and the augmentation index (AIx), a measure of systemic arterial stiffness. Conventional cardiovascular risk factors (lipids, HbA 1 c, smoking and diabetes duration) were also assessed. Results: Women had higher AG and AIx (p<0.0001), despite comparable systolic BP and heart rate in women and men. In women, AG (r=0.39, p<0.001), age (r=0.32, p<0.01), brachial systolic BP (r=0.34, p< 0.01) and aortic systolic BP (r=0.34, p<0.01) correlated with IMT. In men, age (r=0.41, p<0.001), diabetes duration (r=0.25, p<0.01), AG (r=0.22, p<0.01), aortic systolic BP (r=0.21, p<0.01), brachial systolic BP (r=0.21, p<0.01) and body weight (r=0.16, p<0.05) correlated with IMT. In multiple linear regression analyses, AG and aortic systolic BP, but not brachial systolic BP, were age-independent determinants of IMT in men and women. In all patients, increased AG (adjusted for sex, age and heart rate) correlated with longer duration of diabetes, urinary albumin excretion and IMT. Conclusions/interpretation: Measures of central systolic pressure correlate with carotid IMT, independently of age and other risk markers.
Introduction
Type 2 diabetes is associated with a two-to seven-fold increased risk of cardiovascular disease [1] [2] [3] . The excessive risk is not explained by classic risk factors (LDL cholesterol, smoking and brachial blood pressure) [2] . In a recent analysis of the Hoorn Study, ultrasonically measured peripheral arterial stiffness increased in parallel with worsening glucose tolerance in elderly subjects [4] independently of classic risk factors, hyperglycaemia or hyperinsulinaemia.
Several studies have documented a close correlation between cardiovascular disease and arterial stiffening in non-diabetic patients using a variety of techniques including ultrasound [5] [6] [7] , magnetic resonance imaging with cine velocity mapping [8] , and pulse wave velocity [9, 10] . In contrast to these relatively time-consuming and operator-dependent methods, the non-invasive technique of applanation tonometry can record peripheral arterial pressure waveforms and accurately generate aortic pressure waveforms using a validated transfer function within a few minutes [11, 12] . Central pressure augmentation (AG), i.e. the pressure difference between the second (reflected) and first systolic peaks, can also be measured from the aortic pressure waveform. Arterial stiffening increases pulse wave velocity, which results in the earlier return of the reflected wave. This increases augmentation and central systolic pressure [13] . The augmentation index (AIx) is calculated by dividing augmentation by pulse pressure. AG and AIx provide measures of wave reflections and global arterial stiffness, and are increased by cardiovascular risk factors such as age [13, 14] , smoking [15] [16] [17] and hypertension [18, 19] . Central pulse pressure [20] and AIx [21] were recently shown to predict cardiovascular mortality more accurately than pulse wave velocity in a prospective study of patients with end-stage renal failure and a markedly increased risk of cardiovascular mortality [22] . Recently, in men undergoing coronary angiography, AG and AIx were found to be independent markers of the severity of coronary artery disease [23] .
High-resolution B-mode ultrasonography is a non-invasive technique used to measure the intima-media thickness (IMT) of the arterial wall [24] [25] [26] . It is a validated surrogate marker of atherosclerosis [27] . Carotid IMT and coronary artery disease events are positively correlated [28, 29] and carotid IMT predicts cardiovascular mortality [30, 31] . Brachial artery blood pressure does not reflect central blood pressure [13, 32] , which on the other hand is the pressure affecting the heart and carotid arteries. One could therefore expect aortic systolic pressure, which determines AG, to be correlated with IMT in the carotid artery. If so, measurement of AG and AIx might help to assess cardiovascular risk. In the present study, we investigated whether AG or AIx are associated with IMT in type 2 diabetic patients. We were particularly interested to establish whether AG or AIx correlates with IMT more closely than brachial artery blood pressure, and how these measures are related to other cardiovascular risk factors. As a secondary aim, we examined the association of local soft tissue and mineralised arterial wall changes with AG and AIx in a subgroup of 97 patients, since these structural changes may provide additional information about atherosclerosis beyond IMT [33, 34] .
Subjects and methods
Study subjects Study subjects were type 2 diabetic patients participating in the FIELD (Fenofibrate Intervention and Event Lowering in Diabetes) Study at the Helsinki Centre, Finland. The FIELD Study is an ongoing multinational, double-blind study taking place in Australia, New Zealand and Finland. Altogether, over 9,000 type 2 diabetic patients are participating in the study. The patients have been randomly assigned to receive either placebo or micronised fenofibrate (200 mg/day) for 5 years. Type 2 diabetic subjects between 50 and 75 years of age, with serum cholesterol values between 1.0 and 5.5 mmol/l and either serum triglycerides between 1.0 and 5.0 mmol/l or a cholesterol : HDL cholesterol ratio of above 4, were eligible to take part. Subjects with hepatic or renal dysfunction, gallstones, lipid-lowering medication, cyclosporin, alcohol overuse or other severe mental or physical illness were not eligible to participate.
At the Helsinki Centre, 270 patients were recruited for the FIELD main study. Of these, 228 (76 female) participants volunteered to take part in this substudy. All biochemical analyses, IMT and pulse wave analysis (PWA) measurements were done before randomisation. Of the substudy participants, 71 were diagnosed as having cardiovascular disease (CVD, defined as the presence or previous occurrence of one or more of the following: angina pectoris, coronary bypass graft or balloon dilatation, stroke, transient ischaemic attack, carotid endarterectomy, claudication, leg amputation, peripheral arterial reconstruction or balloon dilatation); 116 patients were hypertensive as defined by a resting blood pressure of above 140/90 mmHg or use of antihypertensive medication.
Each subject gave their written informed consent prior to participating in the study. The study was approved by the ethics committee of the Helsinki University Central Hospital. All the samples were collected in accordance with the Helsinki declaration.
Biochemical analyses Venous blood samples for the biochemical measurements were obtained in the morning after an overnight fast. All laboratory samples were obtained during the placebo run-in phase of the FIELD Study before fenofibrate intervention. Serum and EDTA plasma were separated by centrifugation and stored at −80°C until analysed. All lipid measurements were performed in the research laboratory of the Helsinki University Central Hospital (Division of Cardiology, Helsinki, Finland). Serum total cholesterol and triglycerides were determined by enzymatic methods (kits 0722138 and 0715166 respectively; Hoffman-La Roche; Basle, Switzerland) using an automated Cobas Mira analyser (Hoffman-La Roche). Serum HDL cholesterol was quantified by the phosphotungastic acid/magnesium chloride precipitation procedure (HoffmanLa Roche kit 0720674). LDL cholesterol was calculated using the formula developed by Friedewald. Plasma glucose concentrations were measured by a glucose dehydrogenase method (Precision-G blood glucose testing system, Medisense; Abbott, Espoo, Finland). Glycosylated haemoglobin (HbA 1 c) was measured using a commercially available kit (DCA 2000 Analyzer; Bayer Diagnostics, Pittsburgh, PA, USA). The albumin excretion rate was measured from three subsequent overnight urinary collections.
Anthropometric variables Body weight and height were measured and BMI was calculated as kg/m 2 . Waist and hip circumferences were also recorded and the waist-to-hip ratio was used as a measure of body fat distribution.
Carotid sonography Ultrasound scanning of carotid arteries was performed using a Hewlett-Packard Image Point M2410A ultrasound system equipped with a high-frequency 10-MHz linear array transducer. Scans were videotaped using a Panasonic AG-MD830E PAL S-VHS video cassette recorder. All ultrasound examinations were carried out by the same physician (E. Leinonen). The ultrasound examination protocol has previously been described in detail [35] . A single reader at Oy Jurilab (Kuopio, Finland; http://www.jurilab.com) took the IMT measurements using a PC with a video frame grabber interfaced to a PAL S-VHS video cassette recorder. The Prosound software was used to measure the IMTs at a total of 28 sites. The Prosound software allows 100 measurements per cm of edge length. IMT is calculated as the mean difference between the intima/lumen and media/adventitia interfaces from the 100 measurements. The following variables were derived for each site: the mean IMT, the maximum IMT and the minimum IMT. All outcome variables were first calculated for each subject. The mean of the maximum IMT measurements over 28 sites (hereafter IMT) was chosen for the primary outcome variable. Secondary outcome variables were as follows: (1) the mean of the mean IMT measurements over 28 sites (mean IMT); (2) the mean far wall IMT; (3) the mean of the maximum IMT measurements for the common carotid artery; (4) the mean of the maximum IMT measurements for the carotid bulb; and (5) the mean of maximum for the internal carotid artery.
Scoring of structural changes In 97 randomly selected type 2 diabetic patients, the ultrasound scans were further scored according to local soft tissue and mineralisation changes at all carotid sites. The scoring system for soft changes was as follows: 0=no change; 1=thickening by 1.5 mm or more in the common carotid artery or 2.0 mm or more in the internal carotid artery or carotid bulb; 2=protrusion of 25-39% of lumen diameter; 3=protrusion of 40% or more of lumen diameter. The scoring system for mineralisation changes was as follows: 0=no mineralisation; 1=few scattered changes; 2=several changes or mineralisation cluster. The maximum soft change and mineralisation score for each patient was used for analysis.
Pulse wave analysis The technique of pulse wave analysis (PWA) was used to determine central aortic pressure, AG and AIx as previously described in detail [36] . All measurements were taken from the radial artery by applanation tonometry using a Millar tonometer (SPC-301; Millar Instruments, Houston, TX, USA). Procedures were performed by a single investigator (J. Westerbacka) blinded for ultrasound measurements. Collected data were loaded directly into a desktop computer and processed by the SphygmoCor blood pressure analysis system (BPAS-1; AtCor Medical, Sydney, Australia), which allows continuous online recording of the radial artery pressure waveform. The integral system software was used to calculate an average radial artery waveform and to generate the corresponding ascending aortic pressure waveform using a previously validated transfer factor [12, 37] . The AIx was calculated by dividing AG by pulse pressure [10, 14] . Blood pressure was measured using a calibrated mercury sphygmomanometer after the subject had rested in the supine position for 10 min. The measurements were performed after an overnight fast and the patients did not take any medication in the morning prior to the measurements.
Statistical analyses Statistical comparisons of clinical and biomedical parameters were performed using the SPSS statistical package (version 11.0; SPSS, Chicago, IL, USA). The data were initially analysed separately in men and women and were then confirmed in the whole study group. Data are presented as means±SEM for continuous variables and as frequencies or percentages for categorical variables. Variables with non-normal distribution were log 10 transformed to approximate Gaussian distribution and homogeneous variances. Results from lipid and lipoprotein determinations, IMT and PWA measurements and other continuous variables were initially compared between women and men using Student's t-test. The frequency distributions of the categorical variables in the two groups were compared by the chi square test. Secondly, univariate correlations for IMT were analysed separately in men and women. Thirdly, multivariate models (including significant correlates from univariate analyses) were employed to investigate the importance of individual variables. Finally, the correlates for IMT and augmentation were confirmed in the whole study group after adjustment for age and sex (both affecting IMT and augmentation) and heart rate (affecting central wave reflections and therefore augmentation [38] ). The differences between the subgroup and the whole group were analysed using Student's t-test or the chi square test as appropriate. The differences across the soft and mineralisation categories were analysed using one-way ANOVA followed by Bonferroni's post-hoc test. For soft change categories, categories 2 and 3 were combined due to a low number of subjects in the score 3 category. A p value of less than 0.05 was considered statistically significant.
Results
Subject characteristics A total of 228 type 2 diabetic patients (75 women) participated in the study. Clinical and biochemical characteristics of the study subjects are presented in Table 1 . Male and female type 2 diabetic patients did not differ with respect to age, duration of diabetes or BMI. As expected, women had higher serum HDL cholesterol and lower waist-to-hip ratio than men. There were more ex-and current smokers in women than men. The prevalence of hypertension and coronary heart disease was similar in men and women. The type 2 diabetic patients randomly selected for arteriosclerosis scoring analysis did not differ from the whole diabetic group with respect to age, sex, BMI, blood pressure, HbA 1 c, diabetes duration or prevalence of hypertension or CHD (data not shown).
IMT and PWA in women and men The results of the IMT and PWA measurements are shown in Table 2 . All IMT measurements, except the IMT of the common carotid artery, were significantly higher in men than in women. Both brachial and aortic systolic and mean blood pressures were similar in men and women. However, in women, diastolic blood pressure was lower and pulse pressure was higher than in men in both the brachial artery and the aorta. Although heart rate was similar in women and men, both AG and AIx were higher in women than in men. After adjustment for height and smoking, which may affect the wave reflections and therefore AG, women still had higher AG (p<0.05) and AIx (p<0.05) than men. The AG and AIx were comparable in diabetic patients with clinical cardiovascular disease and those without (data not shown). Correlates of AG and IMT in the whole study group In the whole study group (Table 3) , AG (adjusted for sex, age and heart rate) correlated with duration of diabetes, urinary albumin excretion rate and IMT. In a similar analysis, IMT (adjusted for sex and age) correlated with urinary albumin excretion rate, AG and AIx (Table 3) . Fig. 1 ) differed significantly across the soft tissue categories. Although ANOVA results for differences in AG were not significant (p= 0.249), the difference between category 0 and categories 2 and 3 was almost significant (p=0.088 in a pairwise comparison). Several variables were significantly different across the mineralisation categories (Fig. 1) . These included IMT (ANOVA p<0.001), aortic pulse pressure (p<0.001), brachial pulse pressure (p=0.001), aortic systolic pressure (p=0.007), brachial systolic pressure (p= 0.001), age (p=0.010) and AG (p=0.016). Brachial and aortic diastolic pressures, lipids, HbA 1 c, fasting glucose, smoking and diabetes duration did not differ between the categories.
Correlates of carotid IMT in women and men

Discussion
In the present study, a significant association was found between the ultrasonically determined carotid IMT and the variables AG and AIx, measured using a tonometer and PWA, in type 2 diabetic patients. These associations were independent of age and sex, which are known to independently influence both arterial stiffness and IMT. Although women with type 2 diabetes had a reduced IMT, their AG and AIx values were increased when compared with those in men. None of the lipid parameters or markers of glycaemic control were correlated with IMT or arterial stiffness. The present study did not aim to compare diabetic patients with non-diabetic subjects, but aimed to search for a potential relationship between arterial stiffness and carotid IMT, both surrogate markers of CVD risk. In a number of studies, increased arterial stiffness has been a consistent finding in type 2 diabetic patients [39] [40] [41] , suggesting that arterial stiffness may contribute to accelerated atherosclerosis in type 2 diabetes. In the Strong Heart Study, arterial stiffness was measured using an ultrasound technique in 1,810 diabetic and 944 normoglycaemic American Indians [42] . The diabetic patients had significantly increased arterial stiffness. Moreover, diabetic status was independently associated with stiffness even after adjustment for age, sex, height, BMI, systolic blood pressure and use of antihypertensive medication [42] . In a smaller study by Brooks et al in which PWA was used, both AG and AIx were increased in diabetic men but not in diabetic women [43] . Likewise, carotid IMT has consistently been shown to be greater in type 2 diabetic patients than in non-diabetic subjects [44] [45] [46] . In addition, IMT has correlated with the presence of CVD in type 2 diabetic patients [47] .
To the best of our knowledge, the present study is the first to demonstrate in Caucasian type 2 diabetic patients that AG and carotid IMT are significantly inter-related. A similar relationship between IMT and AIx has previously been reported in non-diabetic subjects, but this difference disappeared after adjusting for age and sex [48] . In a Japanese study of 81 type 2 diabetic patients, AG correlated with IMT [49] . Furthermore, in a study by Taniwaki et al carotid IMT positively correlated with aortic pulse wave velocity, measured using B-mode ultrasound, in Japanese type 2 diabetic patients [50] . On the contrary, in an Indian study comprising 50 diabetic and 50 non-diabetic subjects, AIx correlated with IMT in the whole group and in the nondiabetic subset, but not in the diabetic subset [51] , potentially due to lack of power. These inconsistent results may also reflect differences in the prevalence of cardiovascular risk factors in the background population. In the aforementioned Indian study, the mean systolic and diastolic blood pressures were markedly lower (126/81 mmHg in the diabetic subset) than in our study. This definitely changes the relationship between IMT and AIx, as AIx is a function of central blood pressure. Stiffening of the arteries occurs during ageing even in the absence of atherosclerosis [10] . In previous studies of non-diabetic subjects, AIx has been reported to correlate strongly with age [14, 52, 53] . This was not true for the type 2 diabetic patients in the present study. Our finding is consistent with the study by Nürnberger et al in which AIx was calculated along with the atherosclerosis scoring [54] . In subjects with established atherosclerotic disease, AIx did not correlate with age, in contrast to healthy subjects. While there was no correlation between AIx and age, AG was a significant correlate of age in men and women. Since AIx is calculated by dividing AG by pulse pressure, it is possible that accelerated vascular ageing in diabetes leads to an age-independent increase in pulse pressure, diluting the correlation. It is also worth noting that the age range of the present study was relatively narrow, thus potentially negating any correlation.
In the present study, large artery stiffness, as estimated from the increase in central wave reflection, i.e. the increase in AG, was increased in women compared with men. After age adjustment, the only correlates of IMT in multivariate analysis in men and women were AG and central systolic pressure. Type 2 diabetic women in partic- p=0.010; c. p=0.249; d p=0.016; e p=0.001; f p<0.001 (comparison of scores across the categories). *p<0.05; **p<0.01; ***p<0.001 for pairwise comparisons ular are at high risk of cardiovascular complications for reasons that are largely unknown [55, 56] . One may speculate that increased AG increases central systolic pressure and attenuates diastolic filling of coronary arteries [57] . The increased AG in type 2 diabetic women compared with men in the present study suggests more profound deterioration of the central haemodynamics in type 2 diabetic women. IMT has repeatedly been reported to be reduced in women compared with men [58] [59] [60] . However, the risk of cardiovascular complications also increases proportionally in women with increasing IMT. In the Atherosclerosis Risk in Communities Study of 7,289 women and 5,552 men (follow-up 4-7 years), IMT predicted the incidence of coronary heart disease events in men and women [61] . Up to a mean IMT of 1 mm, women had lower adjusted annual event rates than men, but above 1 mm, the event rate in women was closer to that in men [31] . In the present study, mean IMT in female type 2 diabetic patients averaged 1 mm, suggesting that they were at the same risk of cardiovascular complications as male type 2 diabetic patients.
We previously demonstrated that IMT in diabetic subjects is greater in patients with clinical cardiovascular disease than in those without, but this association disappeared after controlling for age, sex and smoking [62] . In the present study, there was no difference in AG and AIx between diabetic patients with a history of clinical cardiovascular disease and those without. Thus, the relationship between central blood pressure indices and IMT does not transfer into a similar association with clinical cardiovascular disease. Acute cardiovascular events may be more a function of acute plaque rupture than of insidious vascular wall thickening and stiffening. The heterogeneity of our diabetic patients (ranging from newly diagnosed diabetic patients to subjects with a history of diabetes several decades long and cardiovascular disease) is, on the other hand, not ideal for detecting a relationship between arterial stiffening and cardiovascular events, as the patients are at very different points in the diabetic and atherosclerotic process. We did not find any significant correlation with IMT other than increased AG and AIx after adjustment for age and sex (Table 3) . This is in line with the results of previous studies, in which the associations of traditional cardiovascular risk factors with IMT were weaker and less consistent in diabetic study cohorts than in non-diabetic cohorts [44, 45, [63] [64] [65] . In a subset of study patients, we observed that an increase in the mineralisation scores was associated with an increase in IMT, AG and peripheral and central systolic and pulse pressures. In accordance with this finding, Fukui et al recently showed that plaque score was associated with augmentation in Japanese type 2 diabetic patients [49] .
Due to the cross-sectional nature of the present study, it cannot answer the question of causality between arterial stiffening and IMT. Prospective data on the predictive value of AG and AIx for cardiovascular morbidity and mortality are currently lacking in type 2 diabetic patients. A substudy of the ongoing FIELD investigation is expected to answer this question. The current cross-sectional data suggest that measures of central blood pressure and large artery stiffness may be superior to other conventional risk factors in determining the presence of vascular wall thickening in type 2 diabetes.
In conclusion, measures of central systolic pressure are correlated with carotid IMT, independently of age, and associated with arterial mineralisation changes in both men and women with type 2 diabetes. PWA provides a noninvasive rapid tool for measuring central haemodynamics. Prospective studies are needed to determine the value of PWA in predicting cardiovascular risk in diabetes.
